Background. Several studies indicate that interstitial and intracapillary monocytes/macrophages (MO) represent a significant proportion of graft-infiltrating cells in renal allografts and that their presence may unfavourably affect clinical outcome. Much less is known about the role of MO in vascular rejection of transplanted kidneys. The aim of our study was to determine the cellular composition of immune cell infiltrates in intimal arteritis and to analyse whether it is associated with features of humoral immunity and impaired graft survival. Methods. In 34 recipients with vascular rejection, we determined the proportion of intimal and interstitial MO and T-cells (expressed as ratio of CD68-and CD3-positive cells) in immunohistochemically double-labelled slides. Results. Intimal arteritis is always composed of T-cells and MO with a median CD68/CD3 ratio of 1.03. In 47% of cases, however, T-cells predominate (CD68/CD3 ratio <1). The median interstitial CD68/CD3 ratio is 0.61, with T-cells dominating in 64% of cases. There is no correlation between the cellular composition of arterial and interstitial infiltrates. The proportion of interstitial and arterial MO has no impact on graft survival, and is, in contrast to previous reports on MO in allograft glomerulitis and capillaritis, not associated with C4d staining. Conclusions. Intimal arteritis in kidney allograft rejection is composed of a mixed infiltrate of MO and T-lymphocytes. In contrast to MO in PTCitis and glomerulitis, the MO in intimal arteritis are not associated with markers of humoral immune response and there are no different allograft outcomes between MO and T-lymphocyte-dominated groups.
Introduction
Immune cells infiltrating kidney allograft are the most obvious signs of rejection. Based on experimental evidence and the morphologic appearance of inflammatory infiltrates in histology, cellular rejection is assumed to be predominantly T-cell-mediated [1] . Efficacy of therapeutic agents that are primarily aimed at depleting T-cells further supports this view. Nonetheless, numerous studies report that monocytes/macrophages (MO) are also part of the inflammatory infiltrates in the interstitial compartment, tubuli, peritubular capillaries [2, 3] , glomeruli [4] and even within the arterial intima [5, 6] . The Banff Classification [1] defines intimal arteritis as 'lymphocytic infiltration beneath the endothelium' and in the latest update to the Banff Classification intimal arteritis is considered to be a variant of T-cell-mediated rejection, categorized as 'Banff Type II' rejection [7] . A recent study by Matheson et al., however, seemed to shed a different light on the immunologic mechanisms of vascular rejection. In a small series of allograft biopsies, the authors found that MO are the predominant inflammatory cells in renal allograft intimal arteritis [6] . This somewhat surprising finding has potential therapeutic implications since one could assume that in cases with MO-dominated intimal arteritis, T-cell-depleting therapy might be less efficient than in cases with prominent T-cell infiltration.
It might furthermore be of interest to investigate the contribution of MO in vascular rejection since infiltrates rich in MO have been associated with humoral rejection and unfavourable outcome in other compartments of the kidney [4, 8, 9] .
The aim of our study therefore was to determine the ratio of MO in a larger series of biopsies and to determine whether the cellular composition of intimal arteritis is associated with humoral rejection and an unfavourable outcome. 
Material and methods

Patients and biopsies
We initially identified all 181 cases of vascular rejection that were reported between 1997 and 2003, in our renal biopsy database. The original slides of all cases were reviewed in order to confirm the diagnosis and to check whether diagnostically relevant arteries were present on the last section of the original slide series and whether the paraffin block still contained sufficient tissue for further sectioning. At this stage, 104 cases had to be excluded due to the lack of tissue or arteries. The remaining 77 biopsies were cut for immunohistochemical double labelling for CD68 and CD3. In addition, we performed C4d staining on all biopsies. After analysis of immunohistochemically stained slides, 31/77 biopsies had to be excluded due to the lack of arteries. Another four biopsies were also excluded for statistical reasons since they contained less than a total of 15 intimal inflammatory cells (despite lesions having been more prominent in the original slides). A total of 42 biopsies (from 42 patients) could eventually be included into our study.
Immunosuppressive therapy
The majority of patients were on calcineurin-inhibitor-based immunosuppression (94%). Four patients received induction treatment with an anti-lymphocyte polyclonal antibody and three with an anti-IL-2 receptor antibody. Two recipients were subjected to peri-transplant immunoadsorption according to a previously described protocol (Table 1 ) [10] . Based on the findings in the study biopsy, all patients received anti-cellular rejection treatment (anti-lymphocyte antibodies and/or high dose steroids). A total of 33 patients received one (n = 31) or two (n = 2) courses of anti-lymphocyte serum (ALS) and/or muromonab-CD3 (OKT3). Three patients suffering from C4d-positive rejection were in addition treated by immunoadsorption according to a local protocol [10] . A switch to tacrolimus was performed in 12 patients.
Clinical follow-up
The clinical follow-up after biopsy was available for at least 45 months (mean 84 months, median 84 months, range 45-123 months).
For the assessment of renal function, we used the estimated glomerular filtration rate (eGFR) calculated according to the abbreviated Modification of Diet in Renal Disease (MDRD) equation. To avoid a bias by including artificially low creatinine values in patients under dialysis treatment, we defined an eGFR value of five for dialysis-dependent patients and applied non-parametric statistical calculations.
Immunohistochemistry and immunofluorescence
Immunohistological double labelling for CD3 and CD68 was performed on 2 µm thick paraffin sections. After deparaffinizing and rehydration, antigen retrieval consisted in pressure cooking (1 bar, 20 min) in a 0.01M citrate buffer solution at pH = 6. Blocking of endogenous peroxydase and proteins (Ultravision LP detection system HRP Polymer kit, Lab Vision, Fremont, CA, USA) was carried out. The first monoclonal antibody against CD3 (Clone 7, Lab Vision) was incubated at a dilution of 1/1000 in 1% BSA/PBS solution, 1 h at room temperature. DAB was used as chromogen (ImmunoHisto Peroxidase Detection kit from Pierce, Rockford, IL, USA). The second step of double labelling was performed using an antibody against CD68 (Clone PG-M1, Dako, Glostrup, Denmark) at a dilution of 1/50, incubated over night at 4 • C. The Ultravision LP detection system AP Polymer kit (Lab Vision) with Fast-Red substrate pack (ID Labs, London, ON, Canada) for visualization was used. Slides were then slightly counterstained with Mayer's hemalaun.
C4d staining was performed on paraffin sections utilizing a polyclonal antibody (C4dpAB Biomedica, Vienna, Austria) as previously described [11] .
For automated cell counting of interstitial infiltrates, we performed immunofluorescent double labelling of CD3 and CD68. Pre-treatment of slides including antigen retrieval was identical, but was followed by incubation in a blocking solution (Superblock, ID Labs, London, ON, Canada) for 7 min. The slides were then incubated simultaneously with the two primary antibodies diluted in 1% BSA/PBS (rabbit anti-CD3, dilution 1:100 and mouse anti-CD68, clone PG-M1, dilution 1:30, both from Dako, Glostrup, Denmark) at room temperature for 1 h, followed by incubation with second antibodies diluted in 1% BSA/PBS (goat antirabbit IgG Alexa Fluor 488 and goat anti-mouse F(ab)2 fragment Alexa Fluor 594, dilution 1:1000, both from Molecular Probes, Eugene, OR, USA) for 45 min. Nuclear counterstaining was DAPI.
Omission of first antibodies was performed for negative control slides.
Evaluation of intimal immune cells
We counted the number of intimal (but not luminal) CD68-positive MO and CD3-positive lymphocytes in all affected arteries (arterial vessels with at least two continuous layers of myocytes) in needle biopsies and evaluated the five largest arteries in surgical biopsies ( Figure 1 ). The total number of arteries evaluated in this study was 116. The mean number of arteries per biopsy was 3.41 (median 3, range 1-8). For evaluation of data, we calculated the average ratio of CD68-and CD3-positive cells for the whole biopsy. C4d positivity was defined as linear circumferential staining in at least 25% of PTC [11] .
Automated phenotypic characterization of tissue-infiltrating leukocytes by TissueFAXS
R
After immunofluorescent staining, tissue sections were scanned using a TissueFAXS R cytometer (TissueGnostics, Vienna, Austria). Entire tissue sections were acquired using a 20× objective lens. Using the system's builtin autofocus, all fields of view ( Figure 2B) were automatically recorded and aligned to one large overview region (Figure 2A) . Generally, the entire sample was analysed except non-cortical renal tissue areas and regions with major artefacts. This selection was made manually upon visual control of the digital sample overview.
Analysis of immunofluorescence samples was done by the TissueQuest R analysis software (TissueGnostics). Details of the method have been described before [12, 13] . This method of tissue cytometry is especially qualified to provide phenotypic characterization of tissueinfiltrating leukocytes, as has been shown in several studies [14, 15] . In brief, the TissueQuest R analysis software identified graft infiltrating CD3+ and CD68+ leukocytes using a proprietary search algorithm that first identifies DAPI-labelled nuclei and then measures the mean relative fluorescence intensity around each nucleus, taking care that neighbouring nuclei are not considered as 'cytoplasm' of the cell. For each cell and fluorescence channel, nine different parameters were determined. The mean relative intensity turned out to be the best parameter to visualize leukocyte populations on resulting scattergrams ( Figure 2C ) and was used throughout this study to distinguish positive and negative cell populations. For each sample analysed, a negative control slide was available.
The fluorescence reactivity determined by TissueQuest R for the control samples defined the level of unspecific staining reactivity and allowed us to determine the individual cut-off value for each sample. Only objects exceeding the fluorescence intensity in the respective channel were accepted as specifically stained and therefore as marker-positive cells. The amount of CD3+ T-lymphocytes and CD68+ macrophages was provided as 'total count', 'cells per mm 2 ' and 'relative percentage' for each sample analysed. This analysis also included intimal cells, which, however, on average accounted for <2% of the total cell count and therefore should not have confounding statistical impact.
Statistical analysis
Comparisons between groups were made using chi-square and Fisher exact tests as appropriate. For comparison of continuous variables, MannWhitney U-tests were used. Comparison of Kaplan-Meyer survival between groups was performed by the log-rank test using SPSS 10.0.7 (SPSS Inc., Chicago, IL, USA). A P-value of <0.05 was considered significant.
Results
Of 42 recipients meeting the inclusion criteria, we excluded 8 patients who received lymphocyte-depleting therapy before biopsy resulting in a final study population of 34 patients. Basic demographic data are summarized in Table 1 .
Intimal arteritis is always composed of T-cells and MO
For statistical analysis, we defined two groups based on a CD68/CD3 ratio cut-off level of 1, thereby separating cases with intimal arteritis predominated by T-cells (ratio <1) or by MO (ratio >1), respectively. The CD68/CD3 ratio was determined by counting all immunohistochemically stained cells within the intima of cortical arteries. We evaluated a total of 6850 intimal immune cells in collectively 116 arteries (Figure 3) . In 23.5% of cases, the ratio of monocytic and lymphocytic cells was quite balanced (CD68/CD3 ratio 0.8-1.2). In 76.5% of the cases, we found a clear-cut predominance of either MO (41.2% with CD68/CD3 >1.2) or of T-lymphocytes (35.3% with CD68/CD3 <0.8). In 20.6% of cases (14.7% for MO and 5.9% for T-lymphocytes), we observed a more than 2-fold difference between the two cell populations. Next we analysed whether any morphological lesions were associated with the proportion of intimal MO and T-cells. None of the criteria defined by the Banff Classification and additional morphological features (summarized in Table 2 ) were unevenly distributed between the groups.
Intimal MO are not associated with endothelial C4d deposits or panel-reactive antibodies. Markers of humoral immune response such as C4d deposits in PTC or panelreactive antibody (PRA) levels at transplantation (TX) time did not significantly differ between the groups (Table 2). There was also no difference in HLA mismatches or the number of previous transplantations (Tables 1  and 2 ).
Interstitial infiltrates
Given the heterogeneous distribution of MO and T-cells within arteries, we wanted to assess whether the compositions of intimal and interstitial immune cells are correlated. Inflammatory infiltrates were investigated in 33 cases (in one case no more sections for additional staining were available) by immunofluorescent double labelling ( Figure 2 ). For comprehensive enumeration of all stained immune cells within the biopsy, we employed a recently developed automated cell counting system [12, 13] . We evaluated a total of 378 683 immune cells (for details see Figure 3 ). The median interstitial CD68/CD3 ratio was 0.61 (IQR: 0.40-1.22). The study population comprised 12 cases (36%) with a CD68/CD3 ratio of >1 and 21 (64%) with a ratio of <1. The composition of intimal inflammatory infiltrates was not correlated with the composition of immune cells in interstitial infiltrates (Spearman's Rank test, P = 0.5, r 2 = 0.014). Comparing CD68/CD3 ratios (>1 versus <1), we also found no statistical correlation between arteries and interstitial space (Fisher exact test, P = 0.59).
Clinical presentation and outcome
In order to judge whether the composition of intimal or interstitial infiltrates affects response to therapy and outcome, we performed Kaplan-Meyer survival analyses. In two patients, histological analysis was carried out on transplant nephrectomies performed because of critical illness (septicaemia). We therefore excluded these individuals from graft survival analysis. In the remaining 32 patients, we observed no statistically significant differences in deathcensored and overall allograft survival for either MO-or lymphocyte-dominated intimal infiltrates (Figure 4 , P = 0.75 for death-censored statistics and P = 0.93 for uncensored graft survival). For interstitial infiltrates, we observed a trend towards inferior graft survival when MO dominated the infiltrating cell population. The difference, however, was also not statistically significant (Figure 4 , P = 0.15 for death-censored and P = 0.93 for uncensored graft survival).
In order to evaluate a potential effect of MO numbers on the response to anti-rejection therapy, we calculated the eGFR (MDRD) at the time of biopsy and at 1 month after biopsy for both intimal (Table 1 ) and interstitial infiltrates [median eGFR at biopsy time: CD68/CD3 <1: 7 (5-17), CD68/CD3 >1: 18 (5-31); median eGFR at 1 month after biopsy: CD68/CD3 <1: 26 (18-52), CD68/CD3 >1: 32 (22-53)]. Estimated GFR values were generally higher after treatment, but the rate of the eGFR increase was not statistically different between patients with low or high proportion of MO within infiltrates.
Discussion
Both cellular and antibody-dependent immune mechanisms may contribute to kidney allograft rejection. Although cellular and humoral immunity are highly interrelated biologically, they still have to be separated diagnostically, since anti-rejection treatment should be aimed at specifically targeting relevant immune mechanisms. Therefore, also the Banff Classification discriminates between cellular and antibody-mediated renal allograft rejection since 2001 [16] . Regarding the mechanisms of cellular rejection, the Banff Classification adheres to the traditional concept that cellular rejection is T-cell-mediated by definition. Further specification of graft-infiltrating cells by immune typing is not implemented into this or other classification systems of rejection and therefore is usually not considered in subsequent therapeutic decisions. This is somewhat surprising since numerous reports indicate that immune cells other than T-cells are commonly infiltrating allografts and likely also have an impact on graft function and outcome. Croker et al. applied the Banff Score of Inflammatory Changes on infiltrating MO ('macrophage index', MI) in acute rejection and found that MI was predictive of renal allograft survival and might be a co-factor for the development of chronic allograft nephropathy [17] . The same working group observed a worse outcome when MO infiltrated glomeruli and interstitium and that the MI score correlated with a reduced allograft function at 3 months [9] .
Tinckam et al. demonstrated that elevated MO counts within glomeruli in biopsies with acute rejection were predictive of an adverse allograft outcome at 1, 2 and 4 years, which was independent of frequently co-existing humoral rejection [4] . This observation was in accordance with findings of the study from Moreso et al., linking MO in glomeruli to subclinical rejection in protocol biopsies exhibiting interstitial fibrosis and/or tubular atrophy [18] . More recently, Girlanda et al. also described an association of acute allograft dysfunction with monocyte infiltration rather than isolated T-cell infiltration [19] .
Among the numerous studies investigating the contribution of MO in various compartments of renal allograft tissue, there are only few reports so far addressing the role of MO in vascular rejection. In a study on transplant nephrectomies, Alpers and co-workers [5] observed that MO were invariably present among intimal inflammatory cells. Quantitation of cells or correlation with clinical findings were, however, not attempted. More recently, Matheson et al. [6] concluded from a study on a small series of biopsies from grafts with vascular rejection (8 cases out of 57 allograft biopsies with various types of rejection) that MO are the predominant inflammatory cells in renal allograft intimal arteritis. This is an intriguing finding given the fact that anti-lymphocytic antibody preparations are the most commonly applied treatment for vascular rejection.
We therefore wanted to determine the composition of intimal infiltrates in a larger series of biopsies for indication and to investigate a potential impact of intimal MO on the graft outcome, which was not analysed by Matheson and colleagues. Similar to the findings of Matheson who observed a higher total number of MO (n = 98) than of T-cells (n = 46) in the arterial intima, we found more intimal MO (n = 3680) than intimal T-cells (n = 3170). Also, the average cell count per artery in our study was higher for MO (n = 32) than for T-cells (n = 27). In contrast to Matheson we, however, observed that MO were not invariably dominating the intimal inflammatory infiltrate. MO outnumbered T-cells (CD68/CD3 ratio >1) in only 53% of cases and strongly predominated in only 14.7% of the samples (CD68/CD3 ratio >2). This discrepancy might, at least in part, be attributable to different methods and thresholds applied for cell counting. In contrast to Matheson et al. , who determined the composition of infiltrating by counting absolute numbers of infiltrating cells per vessel in consecutive serial sections, we directly calculated the ratio of CD68/CD3-positive cells in doublelabelled slides. We only counted cells in arteries (not arterioles) and excluded for statistical reasons all cases with less than 15 inflammatory cells per biopsy. In Matheson's study, the majority of evaluated vessels were arterioles and 5/10 evaluated arteries contained only one to three cells per cross-section. Our data provide evidence for a rather mixed immune cell population in the arterial intima of renal allografts, i.e. both MO and lymphocytes participate in the immune response occurring in the arterial wall.
Based on these results, one could assume that ALS or OKT3 treatment might be less efficient if MO are dominating the intimal infiltrate. In order to address this issue, we examined whether the composition of intimal infiltrates had an impact on the allograft outcome. The Kaplan-Meier analysis of survival did not reveal a worse allograft outcome (censored for patient death) if intimal arteritis was dominated by MO, but showed a trend towards an inferior outcome for biopsies with MO-dominated interstitial infiltrates ( Figure 4 ). The differences, however, did not achieve statistical significance. We also could not observe a difference regarding the response to treatment related to the proportion of MO within intimal and interstitial infiltrates. The lacking effect of MO on the outcome is still somewhat surprising because several studies focusing on tubulointerstitial infiltrates, glomeruli or peritubular capillaries emphasized the deleterious effects on allograft function and survival [4, 8, 9] . A possible limitation of our study is the limited number of recipients. We only could investigate 34 patients since we had to exclude 8 recipients who received anti-lymphocyte treatment before biopsy, which likely had an artificial effect [20] on the composition of interstitial infiltrates [these patients indeed exhibited a median intimal CD68/CD3 ratio of 1.21 (IQR: 0.82-2.31) and a median interstitial CD68/CD3 ratio of 1.90 (IQR: 1.54-2.20)] and on the outcome. One factor that has been previously shown to have an influence on the composition of infiltrates is antibody-mediated rejection. Several studies (including one of our group) recognized MO infiltration in other compartments of the kidney (peritubular capillaries and/or glomeruli) to be associated with C4d positivity [2, 3] . Our present study, however, did not reveal any association of intimal MO predominance with markers of humoral reactivity such as C4d deposits or PRA levels. Alpers reported that the proportion of intimal MO rose with increasing chronic vascular lesions. In our population (mostly early post-TX biopsies), the presence of intimal MO was neither linked to the time between TX and biopsy nor to any kind of histological signs of chronic injury.
Since the proportion of MO within intimal infiltrates was highly variable and was not dependent on any clinical or morphological parameter investigated, we wanted to test whether the composition of intimal cells might correlate with that of interstitial infiltrates. Some studies already examined the composition of inflammatory infiltrates under various conditions in different compartments of renal allografts. In all these studies, interstitial and/or glomerular cells were counted manually either in selected areas [19, 21] or including the entire biopsy [18] . In order to avoid a selection bias or a sampling error in our analysis, we did not want to restrict our analysis to (either randomly or specifically) selected areas. Manual counting of all infiltrating cells within a specimen, however, proved to be hardly feasible in densely infiltrated biopsies, which were the rule in our study. Since a single histological section may contain more than 50000 immune cells, we took advantage of the recently developed TissueFAXS R technology for automated cell counting in histological slides [12, 13] , which we described above. Applying this technology to our study population, we found no correlation between the compositions of inflammatory infiltrates in both compartments. This finding illustrates that immune cells do not homogeneously populate the allograft. It is also in line with the traditional diagnostic principle of separately assessing rejection in different renal compartments, which is also the approach taken by the Banff Classification.
In conclusion, intimal arteritis in kidney allograft rejection is composed of a mixed infiltrate of MO and Tlymphocytes. In contrast to MO in PTCitis and glomerulitis, the MO in intimal arteritis are not associated with markers of humoral immune response. We also did not find different allograft outcomes for MO-or T-lymphocyte-dominated groups. However, this aspect will have to be specifically investigated in a dedicated study on a larger number of kidney allograft biopsies.
